ABSTRACT. The jungle crow (Corvus macrorhynchos) distribution stretches from eastern Eurasia continent to southeastern Asia. The distribution of the black-billed magpie (Pica pica sericea) stretches from Korea and China to the Kyushu area in Japan. They are both in the Family, Corvidae, and have iridescent feather colors, but the iridescent feather color of the black-billed magpie is more remarkable than that of the jungle crow. We observed the feather microstructure of these birds using electron microscope. On the barbules surface, the barbules twist and prong between the jungle crow and black-billed magpie were not similar. In the barbules cross section, the blackbilled magpie showed a complex structure of melanin granules, the jungle crow showed a simple structure of melanin granules.
Birds are very colorful animals in nature. The coloration of birds is produced by the deposition of carotenoids, melanins, or other pigments, and is called pigmentary colors. On the other hand, the physical interactions of light waves and biological materials of different refractive indices are termed called structural colors [7, 10, 12] . Structural coloration in bird feathers is common in nature, and is especially important in producing blue, green, and purple such as iridescence. Iridescent colors are generally produced in feather barbs and barbules [12] , and the color is determined by the feather microstructure. For examination of feather microstructure, the electron microscope has been used. Actually, the relation of feather color to feather structure has been examined in many species using electron microscope [1, 2, 4, 6, 8, 13, 14] .
Jungle crow (Corvus macrorhynchos) is a very common bird with a distribution that extends from eastern Eurasia continent to Southeastern Asia, including Korea and Japan. The distribution of the black-billed magpie (Pica pica sericea) stretches from Korea and China to the Kyushu area in Japan. In Korea and Japan, the jungle crow and black-billed magpie are easily observed as a sedentary bird in urban areas and their habitat overlaps human settlements. The jungle crow and magpie appear, at first glance, as wholly black feather and as boldly patterned bird with contrasted black and white feather. However, under careful observation, iridescence can be perceived in their feathers. The jungle crow shows a glossy bluish purple iridescence on their secondary feathers, while the magpie shows a glossy bluish iridescence on their secondary feathers to the human eye. The jungle crow and black-billed magpie belong to the same Family, Corvidae, which have iridescent color on their secondary feather, but the iridescent color of the magpie is more perceptible than that of the crow.
In this study, we quantified morphological characteristics of the feather barbules from the jungle crow and blackbilled magpie using scanning and transmission electron microscope. The aim of this study was to compare the morphological difference in the barbule microstructure between the jungle crow and black-billed magpie.
Adult jungle crows (580-820 g) were captured by traps set in Niiza City by permission of the Saitama Prefecture in Japan (permit to capture of wild animals Nos. 01-02), and kept in a laboratory animal facility in Moka City, Tochigi Prefecture in Japan (No. 0010) from January 2005 to November 2006. Only five adult male crows were used in this study. The sex of each bird was confirmed by gonad examination after the birds were killed under deep anesthesia (pentobarbital, 35 mg/kg). The four black-billed magpies (200-250 g) [9] were road-killed in Korea, but the sex of magpies was not able to determine. We utilized the secondary feathers from the jungle crows and black-billed magpies, which were washed under running water and stored under dry cool conditions until analysis. All animal handling and experimental procedures were performed in accordance with the Guide for the Care and Use of Laboratory Animals at Utsunomiya University. Five the jungle crows and four black-billed magpies were selected, and at least five feather barbs from the secondary feathers from each individual were examined and measured. To observe the barbules surface, the barbs were mounted on aluminium stubs by carbon double side adhesive tape and sputtered with platinum (E-1020, HITACHI, Tokyo, Japan) for 90 sec to provide a conducting surface. The barbs were observed using a TM-1000 HITACHI scanning electron microscope. To observe the barbules cross section, feather barbs were fixed with 1% osmic acid solution after immersion in 2.5% glutaraldehyde, dehydrated, and embedded in Epon 812 following standard embedding procedures. The barbs were sectioned (thickness 70 nm) and stained with uranyl acetate and lead citrate. The sections were observed using an H-800 HITACHI transmission electron microscope. To calibrate the images, we scanned these micrographs at 240 d.p.i. using an EPSON GT-X700 flatbed scanner and Canvas software (ACD Systems Int., Saanichton, BC, Canada).
The surface microstructure of the barbules was similar between the jungle crow and the black-billed magpie. The barbules of the two birds extended from the barbs like a branch of a tree. There were many tiny longitudinal grooves on the barbules surface that extended over the cell boundaries. The jungle crow had the barbules with many nodes with long prongs and hooklets (Fig. 1A) , however, the black-billed magpie had the barbules with many nodes with very short prongs and/or without prongs (Fig. 1B) . Barbules from the jungle crow twisted slowly (Fig. 1C) , while the magpie's barbules twisted rapidly (Fig. 1D) . The angle of the barbules twist in the black-billed magpie was larger than that in the jungle crow.
Black-billed magpie barbules in cross section showed uniform melanin granules. The shape of the melanin granules was circular-shape and the structure was air-filled ( Fig.   2A) . In longitudinal section, the shape of the melanin granules was tubular-shape (Fig. 2B) . From the cross and longitudinal section, the melanin granules were observed as airfilled tubes. Moreover, the melanin granules were ordered in two and/or three layers along the edges of the barbules, and the keratin thickness was quite thin. In the cross section, outside diameter of the melanin granules was between 257 and 414 nm, while the inside diameter was between 71 and 200 nm. In the longitudinal sections, the outer length was between 1.5 and 1.9 m long, while the inner length was between 1.1 and 1.8 m long. The melanin layer thickness was between 0.4 and 1.3 m.
In the jungle crow, the shape of melanin granules was circular-shape in cross section (Fig. 2C) , and rod-shape in longitudinal section. However, the melanin granules in the barbules of the jungle crow were not air-filled (Fig. 2D) . From these results, the melanin granule appeared rod-like. The melanin granules were ordered in a single layer along the edges of barbules, and the keratin thickness was quite thin. The diameter of melanin granules in cross section was between 200 and 357 nm, and the length was between 1.4 and 2.0 m long.
Although the microstructure of the barbules in the two birds was similar, the angle of twist was different. An angle of twist in the black-billed magpie barbules was approximately 90 [15] , while that of the jungle crows was significantly less than 90. The twist of barbules can produce a more rich iridescent color. To produce an iridescent feather color, many birds have the approximately 90 twisted barbules, which places the barbules parallel to the feather vane [11] . Therefore, a small angled barbule twist as in the jungle crows produce a weakly iridescent feather color compared with a large angled barbules twist as in the black-billed magpie. The twisted barbules show a complex relationship between barbule microstructure, light illumination reflection, and viewing direction to produce the iridescent feather color. The black-billed magpie has two and/or three melanin layers composed of air-filled melanin granules. Incident light illumination may be reflected by the melanin granule (n=2.0) a high index material, and the air-filled center (n=1.0), a low index material. This process occurs in the two and/or three melanin layers, which may produce the rich iridescent feather color. The melanin structure of the jungle crow is simpler than that of the black-billed magpie. The crow has melanin granules arranged in a single irregular layer. Incident light illumination to the barbules may be reflected by the melanin granule (n=2.0), a high index material, and most light illumination that passed the melanin granule is absorbed by another melanin granule. This simple process produces weak iridescent feather color with black feathers. Some evidence of these complex structures has been observed in other species. For example, the brilliant iridescent peacock feather is caused by complex multilayer melanin granules in the barbules [3, 16] , and the weak iridescent color in grackles [14] , allies [14] and satin bowerbirds [2] is due to a simple structure. The diameter of the melanin granules of the crow and the magpie was over 100 nm, therefore, their iridescent feather color may be explained by Mie scattering.
The keratin thickness was very thin in the two birds. From the keratin thickness, the melanin granule layer and the melanin granule shape, we classified the barbules morphologically according to Durrer [4, 5] . The barbule morphology of the black-billed magpie was classified as Melaninröhren-Kompakt-Typus, which is composed of airfilled two and/or three melanin granule layers, melanin tubes and thin keratin (Fig. 3A) . This type includes Trogon rufus sulphureus Spix (Trogonidae), Trogon violaceus crissalis (Trogonidae), Phoeniculus purpureus (Phoeniculidae) and Cinnyricinclus leucogaster (Sturnidae) [4] . The barbule morphology of the male jungle crow was classified as Melaninstab-Einschicht-Typus, which is composed a single melanin layer, melanin rods and thin keratin (Fig. 3B) , and includes Molothrus bonariensis (Icteridae), Streptocitta albicollis torquata (Sturnidae), Sarcops calvus (Sturnidae) and Grafisia torquata (Sturnidae) [4] .
The iridescent feather color birds, where the iridescence is clearly used in display, appear to have developed inflating, flatting and using of air their melanin granules. The microstructure, such as these shapes of melanin granules and barbules, is important to make iridescent feather color. Hence, we suggested that the structure which is two and/or three melanin layers of magpie advantageous to produce rich iridescent feather color comparing with a single melanin layer of crow.
